Activation of the contact system leads to the cleavage of kininogen by plasma kallikrein resulting in kinin release and in the initiation of the intrinsic pathway of coagulation. Proteolysis of kininogen also generates antimicrobial peptides (AMPs) and can be induced by diverse pathogens. Thus, the contact system is regarded as a branch of innate immunity. We performed an evolutionary analysis of contact system genes by analyzing both inter-and intraspecies diversity. Results indicated that mammalian kininogen genes evolved adaptively. Positively selected sites are located in all protein domains with the exclusion of the bradykinin region and also involve AMP sequences (including the highly effective NAT26 peptide); positively selected sites also occur at alternative cleavage sites for neutrophil-released kinins. Population genetic analysis in humans indicated that a region of the kininogen gene (KNG1) has been a target of long-standing multiallelic balancing selection and that the coalescence time of the haplotype phylogeny dates back to the split between the humans and chimpanzees. No selection signature was detected in the Pan troglodytes KNG1 gene or in human genes encoding other components of the contact system. The selection targets in human KNG1 might be accounted for by variants with transcriptional regulatory activity. Results herein indicate a continuum in selective pressure acting on different timescales and targeting KNG1. This is in line with evidences suggesting a central role for kininogen in modulating of immune response and with its being a target of an extremely diverse array of pathogen species.
Introduction
In vertebrates, a complex system of plasma enzymes has evolved to limit blood loss from damaged blood vessels through formation of a fibrin clot. In all vertebrates, the coagulation cascade includes a series of proteolytic reactions that culminate in the generation of thrombin and in the cleavage of fibrinogen to form fibrin ( fig. 1 ) (Jiang and Doolittle 2003) . Initiation of fibrin formation through the "extrinsic pathway" occurs when plasma factor VIIa forms a complex with the integral membrane protein tissue factor, which is exposed upon endothelial injury ( fig. 1 ). Alternatively, coagulation may be initiated through the "intrinsic pathway," also referred to as the contact system. Four proteins represent the core components of the contact system; three of them, factor XI (FXI), factor XII (FXII), and plasma kallikrein (PK), are encoded in humans by the F11, F12, and KLKB1 genes, respectively, and act as proteases. The fourth component, high-molecular-weight kininogen, is a nonenzymatic glycoprotein ( fig. 1 ). Kininogen is encoded by the KNG1 gene, which gives rise to two alternatively spliced products differing in their terminal exons; the two transcripts originate from high-and low-molecular-weight kininogen. High-molecular-weight kininogen circulates in human plasma forming complexes with FXI and PK (Muller-Esterl 1989) . Interaction of these complexes with negatively charged surfaces activates the system: FXII and prekallikrein are proteolytically cleaved to the active forms, FXIIa and kallikrein, respectively. As a result, FXI is activated, leading to the initiation of a series of enzymatic reactions that lead to fibrin formation. In the process, high-molecular-weight kininogen is cleaved by kallikrein releasing the nonapeptide bradykinin (BK) (Colman and Schmaier 1997) (fig. 1 ). BK, acts as a vasoactive and proinflammatory peptide, increases the production of nitric oxide and prostaglandins, and causes increased vascular permeability, hypotension, smoothmuscle contraction, and fever. Kininogen can also be cleaved by proteases other than PK, including tissue kallikrein and neutrophil-derived proteinase 3 to release kinins related to BK, namely Lys-BK and Met-Lys-BK-Ser-Ser (Kahn et al. 2009) (fig. 1 ). Therefore, the contact system represents a link between the coagulation and inflammatory responses, two systems central to host survival in the face of tissue damage and infection. Nonetheless, the intrinsic coagulation pathway seems to play a minor role in the control of hemostasis, suggesting that its major physiologic functions are exerted by kinin release and include induction of inflammatory responses and regulation of blood pressure (Campbell 2001) .
Several evidences have also indicated that the contact system may be regarded as an important branch of innate immunity. In fact, contact system components can bind to the surface of pathogenic Gram-positive and Gram-negative bacteria and become activated, whereby releasing BK and antimicrobial peptides (AMPs) ( fig. 1 ). AMPs are derived from the proteolysis of kininogen domains D3 and D5 H and are active against a wide range of bacterial species (Nordahl et al. 2005; Frick et al. 2006) . Moreover, kinins can activate immune responses by different strategies, including recruitment of neutrophils (Paegelow et al. 2002) , stimulation of alveolar macrophages (Sato et al. 1996) , and induction of dendritic cell maturation via the BK receptor 2 (Scharfstein et al. 2007) . As a consequence of these properties, activation of the contact system potentiates the host response against invading pathogens. Nevertheless, BK may also exert adverse effects during infection by inducing hypotension and vascular leaks, eventually contributing to the pathogenesis of sepsis (reviewed in Nickel and Renne [2012] ). Moreover, increased vascular permeability potentially facilitates the systemic spread of the infectious agent. Indeed, several pathogens encode proteins that bind contact system components and/or proteases that mediate kininogen proteolysis. One of the first identified microbial kininogenases is cruzipain, a Trypanosoma cruzi virulence factor (Del Nery et al. 1997) . Cruzipain is encoded by multiple polymorphic genes, and its cleavage of high-molecular-weight kininogen releases Lys-BK, which, in turn, facilitates host cell invasion (Scharfstein et al. 2000) . After T. cruzi, several pathogens were found to encode kininogenases: These include FIG. 1. Schematic representation of the contact system within the coagulation cascade. The intrinsic (contact system) and extrinsic pathways that initiate the coagulation cascade are shown within gray boxes. The official human gene symbol is reported in brackets below each contact system component. Additional endogenous and exogenous components that impinge on kininogen are shown external to the coagulation pathway.
Plasmodium falciparum (Bagnaresi et al. 2012) , the causative agent of malaria, parasitic worms such as Schistosoma mansoni and Fasciola hepatica (Carvalho et al. 1998; Cordova et al. 2001) , fungi of the Candida genus (Rapala-Kozik et al. 2010) , and several bacteria species such as Streptococcus pyogenes (Herwald et al. 1996) , Staphylococcus aureus (Imamura et al. 2005) , and Porphyromonas gingivalis (Imamura et al. 1995) .
These observations, and the role of kininogen as a source of AMPs, suggest that contact system genes, and KNG1 in particular, might have been engaged in host-pathogen genetic conflict.
Results

Evolutionary Analysis of Contact System Genes in Mammals
To investigate the evolutionary history of contact system genes in mammals, we retrieved coding sequence information for all available species from the Ensembl database (http:// www.ensembl.org/index.html, last accessed November 3, 2012) for KNG1, KLKB1, F11, and F12. Because, due to alternative splicing, KNG1 originates two alternative products that share a common proximal region, the alignment was split into three portions covering the common region (domains D1-D4, KNG1 D1-D4 ), the low-molecular-weight specific domain (D5 L and KNG1 D5L ), and the high-molecular-weight unique portion (D5 H -D6 and KNG1 D5H-D6 ) ( fig. 2) . A comparison with the genome-wide distributions of pairwise comparisons (human-macaque, human-mouse, and human-dog) revealed the KNG1 D1-D4 and KNG1 D5H-D6 (KNG1 D5L was not analyzed due to its short size) tend to have very high dN/ dS values, whereas F11, F12, and KLKB1 have dN/dS ratios comparable to most genes (supplementary fig. S1 , Supplementary Material online).
We next screened the multiple sequence alignments (including all available mammalian species) for evidences of recombination using Genetic Algorithm Recombination Detection (GARD) (Kosakovsky Pond et al. 2006) ; this analysis uncovered the presence of recombination breakpoints in KNG1 D5H-D6 , KLKB1, and F11 (one breakpoint/alignment) ( fig. 2 ). In the case of KNG1 D5H-D6 , we excluded a region surrounding the breakpoint as it showed limited homology across species. Taking GARD results into account, we calculated the average nonsynonymous (dN) to synonymous (dS) substitution rate ratio (dN/dS) for all alignments. In all cases, dN/dS was lower than 1, with the exception of the very short (29 aligned amino acids) KNG1 D5L region (dN/dS = 1.10382, 95% confidence interval [CI] = 0.88-1.36) (supplementary table S1, Supplementary Material online). To formally test whether contact system genes have evolved adaptively in mammals, we used the codeml program to compare models of gene evolution that allow (NSsite models M2a and M8) or disallow (NSsite models M1a and M8a) a class of codons to evolve with dN/dS > 1 (Yang 2007) . Specifically, these models were applied after dividing the alignments showing evidence of recombination into halves based on the location of the recombination breakpoints. Results indicated that for all alignments covering KNG1, the two null models were rejected in favor of the positive selection models (supplementary To identify specific sites subject to positive selection in KNG1, we applied the Bayes empirical Bayes (BEB) method (with a cutoff of 0.90) from M8 (Anisimova et al. 2002; Yang et al. 2005) . Because this approach may yield some false positives when a relatively large number of sequences is analyzed (Kosakovsky Pond and Frost 2005) , we used the mixed effects model of evolution (MEME) (with the default cutoff of 0.1) (Murrell et al. 2012 ) as a second criterion. Thus, only sites detected by both methods were considered to be positively selected, although this may result in an underestimation of the actual number of selected sites. Using these criteria, several positively selected sites were identified, and these are scattered across the whole sequences of KNG1 with the exclusion of the conserved BK sequence ( fig. 2 ). Cleavage of kininogen domain D3 has been shown to originate AMPs, and several positively selected sites were found to be located within these peptides. Domain D5 H also gives rise to antimicrobial molecules deriving from the proteolysis of the histidine-rich region, which could be only partially aligned in the species we analyzed (fig. 2) ; one of these antibacterial peptides (GKH17) encompasses one positively selected residue. Three additional selected sites flank the BK region and rim an alternative cleavage site that originates from Met-Lys-BK-Ser-Ser, produced by neutrophils (Kahn et al. 2009) (fig. 2) . The binding sites for F11 and PK in domain D6 H also display sites targeted by selection ( fig. 2) . Finally, residue 577 (Ser in humans) represents a predicted O-glycosylation site (http:// www.uniprot.org, last accessed November 3, 2012); interestingly, minor changes in the glycosylation state of high-molecular-weight kininogen have been shown to result in faster cleavage by PK and higher BK production in rats susceptible to chronic intestinal and systemic inflammation (Isordia-Salas et al. 2003) .
Population Genetic Analysis in Humans
KNG1, KLKB1, F11, and F12 have been almost fully resequenced within the SeattleSNPs Variation Discovery Resource Program (http://pga.gs.washington.edu/, last accessed November 3, 2012). In particular, for each gene, a region encompassing the whole transcription unit plus flanking genomic sequences has been sequenced in 24 African American (AA) and 23 European (EU) subjects (SeattleSNPs DNA Panel 1), with only small sequencing gaps scattered along the introns.
We exploited the availability of these data to calculate W , an estimate of the expected per site heterozygosity (Watterson 1975) , and , the average number of pairwise sequence nucleotide differences between haplotypes (Nei and Li 1979) . To compare the values we obtained for contact H denotes a portion of the histidine-rich region that was excluded from analysis due to poor alignment. The positions (relative to the human sequence) of positively selected sites are shown on the kininogen structures; the location of the recombination breakpoint (black diamond) is reported on the domain structure. The residue in red is a predicted O-glycosylation site in humans. Portions of the multiple species alignments are shown: In all panels, positively selected sites are in red, and cysteines involved in the formation of disulfide bonds are in blue. The upper alignment covers most of D3 and D4; the BK region is shaded in green and the position of AMPs (GKD25, GCP28, NAT26, RET27, and LDC27), is shown. Alignments in the lower portion cover a region in D5
H (left) involved in cell binding, a portion of the histidine-rich region encoding AMPs (GKH17 and HKH20), and the C-terminal portion that carries binding sites for F11 and PK. AMP designation is based on the three initial residues and on the peptide length, as proposed previously (Nordahl et al. 2005; Frick et al. 2006 ). High nucleotide diversity might suggest the action of balancing selection-that is, a process whereby genetic variability is maintained in populations due to some selective pressure. As a result of mutation and recombination, balancing selection signatures tend to extend over relatively short genomic intervals (Wiuf et al. 2004; Charlesworth 2006) . Thus, to further explore the possible role of balancing selection in shaping diversity at KNG1, we divided the gene region into three continuous subregions of approximately 8 kb (KNG1-r1, -r2, and -r3) ( fig. 4a) . For each subregion, we calculated nucleotide diversity and compared the values with a distribution of W and calculated for 5-kb windows (hereafter referred to as reference windows) deriving from 238 genes resequenced by the National Institute of Environmental Health Sciences (NIEHS) Program in the same populations. The percentile ranks corresponding to KNG1 regions in the distribution of NIEHS gene values are reported in table 1 and indicate that KNG1-r1 displays extremely high nucleotide diversity in AA and CEU; conversely, no significant values are observed for KNG1-r2 and KNG1-r3.
To gain further insight into the evolutionary pattern of KNG1 in human populations, we fully resequenced the region encompassing exons 1-4 in two additional HapMap populations, namely Yoruba (YRI) and East Asians (AS) ( fig. 4a ). Both W and displayed values higher than the 98th percentile in the distribution of 5-kb reference windows in these populations, as well (table 1 ).
An effect of balancing selection is a distortion of the site frequency spectrum (SFS) toward intermediate frequency alleles. Common neutrality tests based on the SFS include Tajima's D (D T ) (Tajima 1989 ) and Fu and Li's D* and F* (Fu and Li 1993) . Because, population history, in addition to selective processes, is known to affect the SFS, the significance of neutrality tests was evaluated by performing coalescent simulations with population genetics models that incorporate demographic scenarios (see Materials and Methods). As above, we also applied an empirical comparison by calculating the percentile rank of D T , F*, and D* in the KNG1-r1 relative to 5-kb reference windows. Neutrality tests indicated departure from neutrality with significantly positive values for most statistics in all populations (table 1) .
As mentioned earlier, our data (table 1) indicate that nucleotide diversity indexes are extremely high for the analyzed KNG1 gene region in all populations. To confirm this observation, we applied a multilocus maximum-likelihood Hudson-Kreitman-Aguadé (MLHKA) test (Wright and Charlesworth 2004 ) by comparing polymorphism and divergence levels at the KNG1-r1 with 16 NIEHS genes resequenced in the same populations (AA, YRI, EU, and AS). Results, summarized in table 2, indicate that a significant excess of nucleotide diversity versus interspecies divergence is detectable in all populations for the KNG1 study region.
Further insight into the evolutionary history of a gene region can be gained by inferring haplotype genealogies. The presence of recombination may yield unreliable genealogies and affect inference of coalescent times. Thus, we selected a subregion in KNG1-r1 based on linkage disequilibrium (LD); in particular, we used data from a 2-kb region (National Center As it is evident from both the GENETREE analysis (Griffiths and Tavare 1995) (fig. 4b) , the haplotype genealogy is split into two major clades (haplogroups 1 and 2) separated by long branches; both clades are further split into relatively deep subclades each containing common haplotypes. The time to the most recent common ancestor for the KNG1 haplotype phylogeny was obtained using GENETREE and amounted to 5.29 My (standard deviation: 1.24 My), assuming that the human-chimpanzee divergence was 6 Ma. Such deep genealogies are highly unlikely under neutrality as estimates for neutrally evolving autosomal loci range between 0.8 and 1.5 My (Tishkoff and Verrelli 2003; Garrigan and Hammer 2006) .
Overall, these analyses indicate that KNG1-r1 has been a target of long-standing multiallelic balancing selection in all populations.
To identify the possible selection targets, we searched for putative functional variants within the analyzed region and included them in a haplotype network built on the basis of variants in the LD region ( fig. 4c) . Analysis of intermediate frequency single-nucleotide polymorphisms (SNPs) indicated the presence of one single amino acid-replacing polymorphism in exon 4 (rs1656922, Met178Thr). This position does not overlap with any of the sites targeted by diversifying selection in mammals, and the derived 178Met allele defines major haplotypes within both haplogroups (fig. 4c) ; this observation and the fact that the SNP involves a CpG dinucleotide suggest that it is a recurrent mutation, making it difficult to infer its evolutionary history. Data from the ENCODE project (ENCODE Project Consortium et al. 2012) obtained in HepG2 cells (a hepatocellular carcinoma cell line, as liver is the major expression site of KNG1) indicated that the balancing selection region carries three DNase I hypersensitive sites, as well as binding sites for different transcriptional regulators ( fig. 4a ). These include CTCF and two components of the cohesin complex (Rad21 and SMC3); these latter have been shown to be recruited to a subset of DNase I hypersensitive sites by CTCF where they function as transcriptional insulators (Parelho et al. 2008) . Two signals for CEBPB (also known as liver activator protein) are observed in the region, as well. Two polymorphic variants (rs2689197 and rs2651640) fall within the intronic CEBPB binding site overlapping one DNase I hypersensitive site (fig. 4a) ; their inclusion in the network indicated that they separate the two major haplotype clades ( fig. 4c) . Finally, rs1648714 is located within the CTCF/SMC3/Rad21 binding sites ( fig. 4a ) and defines a major haplotype within haplogroup 2 ( fig. 4c ).
Population Genetic Analysis of KNG1 in Chimpanzees
Given the deep coalescence time of the KNG1 haplotype phylogeny, we analyzed the evolutionary pattern of the gene in chimpanzees. Specifically, we resequenced a 5-kb region (magenta bar in fig.4a ) in nine unrelated Pan troglodytes; the aim was to analyze nucleotide diversity and evaluate the presence of trans-specific polymorphisms (i.e., variants shared between humans and chimpanzees). The total number of segregating sites was 10, and no trans-specific variant was observed. To assess whether the KNG1 region shows unusual levels of nucleotide variability, we compared W and to the distribution of these same parameters calculated over 16 genomic regions resequenced in the same individuals (see Materials and Methods); results indicated that nucleotide variability in KNG1 is not exceptional and, therefore, that this region is likely to be neutrally evolving in chimpanzees (supplementary fig. S3 , Supplementary Material online).
Discussion
Evolutionary studies rely on the signatures left by natural selection to describe regions or sites that evolved adaptively and, as such, entail functional significance and represent determinants of phenotypic variation. Evolutionary analysis along the mammalian phylogeny indicated no consistent evidence of adaptive evolution for F11, F12, and KLKB1. Conversely, strong signatures of diversifying positive selection were detected for KNG1. In this analysis, we aimed at minimizing false-positive results by requiring all neutral models to be rejected in favor of the positive selection models and by screening for recombination. Positively selected sites were defined by the use of two methods, BEB and MEME; on the one hand, this choice was motivated by the desire to limit the number of false-positive results. On the other hand, we most likely underestimated the number of positively selected sites. Indeed, MEME allows the distribution of dN/dS to vary from branch to branch at an individual site, resulting in the ability to detect both episodic and pervasive positive selection (Murrell et al. 2012) ; conversely, sites evolving under episodic selection are likely to be missed by BEB. Thus, the combination of the two methods results in the confident identification of sites evolving under pervasive diversifying selection only (i.e., evidence of episodic selection are lost). Despite this conservative approach, several residues were found to have evolved adaptively in KNG1. Positively selected residues are located in all domains, with the exception of the highly conserved BK sequence. The scattering of selection targets along the entire coding sequence may at least in part be a consequence of the complex and multifaceted interaction between kininogen and infectious agents. In fact, a number of pathogens such as Candida albicans, S. pyogenes, Escherichia coli, and group G streptococci bind kininogen and activate the contact system (Ben Nasr et al. 1996 Karkowska-Kuleta et al. 2011; Wollein Waldetoft et al. 2012 ) (fig. 1 ); the precise binding sites on the kininogen are unknown and may differ across pathogens, although some interactions have been mapped to domains D3, D5 H , and D6. Also, different infectious agents (including bacteria, fungi, helminths, and protozoa) encode proteases that can release kinins (from domain D4) and exploit this ability as a virulence strategy (Del Nery et al. 1997; Carvalho et al. 1998; Cordova et al. 2001; Rapala-Kozik et al. 2010 Bagnaresi et al. 2012 ) ( fig. 1) . Interestingly, ScpA and SspB from Sta. aureus cleave kininogen at each terminal side of the kinin domain releasing Leu-Met-Lys-BK (Imamura et al. 2005) . Therefore, the positively selected 377Ser ( fig. 2 ) represents the N-terminal cleavage site of ScpA/SspB, suggesting that sites flanking the BK sequence are evolving to avoid recognition and cleavage by proteases encoded by infectious agents. Finally, contact system activation at the surface of pathogenic bacteria results in the generation of AMPs from domains D3 and D5 H ( fig. 1 ) (Nordahl et al. 2005; Frick et al. 2006 ). In the case of domain D3, the pattern of generated AMPs depends on the infecting bacteria (Frick et al. 2006) . AMPs are considered pivotal components of innate immunity as they represent a first-line response against invading pathogens; in line with this view, other genes encoding AMPs, such as defensins and cathelicidins, were targeted by positive selection (Zelezetsky et al. 2006; Hollox and Armour 2008) . Among AMPs deriving from kininogen D3, NAT26 showed the strongest action against a wide range of bacteria (Frick et al. 2006) ; the NAT26 region carries two positively selected sites, and additional residues targeted by selection occur within the sequence of other less effective AMPs from D3 and within GKH17 from D5 H ( fig. 2 ). It will be extremely interesting to evaluate whether adaptive changes affect the antimicrobial activity of these peptides, as they have been proposed as possible therapeutic molecules against bacterial and fungal infections Schmidtchen et al. 2009; Sonesson et al. 2011) . Overall, these observations suggest that multiple kininogen domains establish diverse interactions with infectious agents, and this may result in widespread selection. Nonetheless, no interaction has been described between domains D1/D2 (where several positively selected sites are located) and pathogens, although domain 2 has protease inhibitory activity (Colman and Schmaier 1997) and may inhibit proteases from infectious agents. An alternative and not mutually exclusive possibility is that the selective pressure exerted by infectious agents is indirect and derives from the modulation of the inflammatory response. As an example, kinins can be released from highmolecular-weight kininogen by cellular proteases distinct from PK. Neurtrophil-derived elastase and proteinase 3 ( fig. 1 ) produce kinins with terminal extensions: Ser-LeuMet-Lys-BK-Ser-Ser-Arg-Ile (where the N-terminal Ser and the C-terminal Arg and Ile residues are the positively selected sites, fig. 2 ), BK-Ser-Ser, and Ser-Leu-Met-Lys-BK (Imamura et al. 2002; Kahn et al. 2009 ). These kinins may be subsequently processed at both termini, have physiological effects similar to those of BK, and are thought to act as important mediators at sites of inflammation (Imamura et al. 2002; Kahn et al. 2009) . Whether the positively selected sites alter the physiologic function of these kinins or the efficiency of their production by neutrophil enzymes remains to be evaluated.
The contact system has been a target of intense investigation for years, as it represents a central link among the coagulation cascade, inflammation, and innate immunity. High-molecular-weight kininogen possibly represents the very molecule at the crossroad of these pathways, as it participates in contact system activation and its cleavage originates both kinins and AMPs; in line with this observation, results herein indicate a continuum in selective pressure acting on different timescales and targeting the KNG1 gene but not other contact system components. Indeed, analysis of nucleotide diversity in human populations revealed no usual feature for F11, F12, and KLKB1; conversely, we found strong evidences that genetic diversity at KNG1 has been maintained by balancing selection during the evolutionary history of human populations. In line with this finding, the analysis of KNG1 haplotypes revealed the presence of two clades separated by long branches approximately dating back to the time when the human and chimpanzee lineages diverged (Glazko and Nei 2003) . Altogether these features represent strong molecular signatures of long-term balancing selection, and the split of the major branches in subclades with relatively deep times of the most recent common ancestor (TMRCA) suggest that the selection is multiallelic (i.e., that more than one selection target are located in the region). Despite the deep coalescence time of the KNG1 haplotype phylogeny, no selection signature was detected in chimpanzees. Nonetheless, this conclusion should be interpreted with caution as the number of resequenced P. troglodytes individuals is relatively small and analysis of additional samples might unveil the presence of low-frequency haplotypes, which might still result from selection (e.g., frequency-dependent selection).
Analysis of variants located along the major branches of the haplotype genealogy indicated that long-standing balancing selection may be acting to maintain regulatory variant in KNG1, as previously shown for other genes involved in innate immunity (Cagliani et al. 2008 (Cagliani et al. , 2010 Ferrer-Admetlla et al. 2008; Hollox and Armour 2008) . Interestingly, two polymorphisms ( fig. 4a ) fall within a CEBPB binding site. CEBPB is a major regulator of the expression of acute phase proteins and is induced upon stimulation with lipopolysaccharide and interleukin-6 (Akira et al. 1990 ), suggesting that it may link KNG1 expression to inflammatory and infectious states. Increase in the plasma concentration of acute phase proteins is a hallmark of sepsis, and the contact system was shown to play a central role in this potentially fatal condition (Nickel and Renne 2012) . It remains to be evaluated whether variants in the balancing selection region modulate KNG1 expression during infection, and, possibly, during the systemic inflammatory response syndrome (SIRS) and sepsis, this latter still considered a major cause of death in infants (Watson and Carcillo 2005) and a driver of molecular evolution in humans (Wang et al. 2006; Xue et al. 2006) .
In summary, data herein indicate that, unique among contact system genes, KNG1 has been a target of long-lasting and strong selective pressures. These data reinforce the idea that kininogen plays a central role in the modulation of immune response and is a target of an extremely diverse array of pathogen species.
Materials and Methods
Evolutionary Analysis in Mammals
All mammalian sequences for KNG1, F11, F12, and KLKB1 were retrieved from the Ensembl website (http://www. ensembl.org/index.html, last accessed November 3, 2012). For KNG1, the following species were aligned: Homo sapiens (human), P. troglodytes (chimpanzee), Gorilla gorilla (gorilla), Nomascus leucogenys (gibbon), Macaca mulatta (macaque), Callithrix jacchus (marmoset), Microcebus murinus (mouse lemur), Mus musculus (mouse), Rattus norvegicus (rat), Cavia porcellus (guinea pig), Oryctolagus cuniculus (rabbit), Bos taurus (cow), Tursiops truncatus (dolphin), Canis lupus familiaris (dog), Ailuropoda melanoleuca (panda), Sus scrofa (pig), Equus caballus (horse), Myotis Lucifugus (microbat), Pteropus vampyrus (megabat), Erinaceus europaeus (hedgehog), Loxodonta africana (elephant), and Sorex araneus (shrew), Dasypus novemcinctus (armadillo). For KLKB1, F11, and F12, species list is reported in supplementary table S3, Supplementary Material online. Sequences for all species (excluding human) derive from genome sequencing program predictions. The available KNG1 transcript sequences for mouse (NM_023125.3 and NM_001102411.1), rat (NM_012696.2), and cow (NM_001113277.1 and NM_175774.3) were checked against the predicted sequences of the respective species and showed 100% identity. The predicted sequences for mouse lemur, guinea pig, and pig showed sequencing gaps in the KNG1 D5H-D6 region (fig. 2) ; missing data do not affect inference of positive selection, and omission of these species from PAML analysis yielded comparable results to those obtained with their inclusion (not shown). DNA alignments were performed using the RevTrans 2.0 utility (Wernersson and Pedersen 2003) , which uses the protein sequence alignment as a scaffold for constructing the corresponding DNA multiple alignment. This latter was checked and edited by hand to remove alignment uncertainties. Average dN/dS and its CIs were calculated using SLAC (Kosakovsky Pond and Frost 2005) taking GARD results into account (i.e., using GARD inferred trees). SLAC was run through the DataMonkey server (Delport et al. 2010) (http://www.datamonkey.org, last accessed November 3, 2012). For PAML analyses (Yang 2007) , we used trees generated by maximum likelihood using the program PhyML (Guindon et al. 2009) .
To detect selection, NSsite models that allow (M8 and M2a) or disallow (M1a and M8a) sites to evolve with dN/ dS > 1 were fitted to the data using the F3x4 codon frequency model. Whenever maximum-likelihood trees showed differences (always minor) from the accepted mammalian phylogeny, analyses were repeated using the accepted tree, and the same results were obtained in all cases. Sites under selection with the M8 model were identified using BEB analysis using a significance cutoff of 0.90 (Anisimova et al. 2002; Yang et al. 2005) . GARD and MEME analyses were performed through the DataMonkey server (Delport et al. 2010 ) (http://www. datamonkey.org, last accessed November 3, 2012).
Pairwise dN/dS values for human-macaque, humanmouse, and human-dog orthologs were derived from the Ensembl BioMart database (http://www.ensembl.org/bio mart/, last accessed November 3, 2012); only 1-to-1 orthologs were included, and genes with dS > 1 were discarded. The number of ortholog pairs were 15,435 (human-macaque), 13,411 (human-mouse), and 12,987 (human-dog).
HapMap Samples and Sequencing
Human genomic DNA from YRI and AS individuals was obtained from the Coriell Institute for Medical Research. The analyzed region (NCBI36/hg18: chr3:187920669-187925896) was polymerase chain reaction (PCR) amplified and directly sequenced (primer sequences are available upon request). PCR products were treated with ExoSAP-IT (USB Corporation Cleveland, OH), directly sequenced on both strands with a Big Dye Terminator sequencing Kit (v3.1, Applied Biosystems) and run on an Applied Biosystems ABI 3130 XL Genetic Analyzer (Applied Biosystems). Sequences were assembled using AutoAssembler version 1.4.0 (Applied Biosystems), inspected manually by two distinct operators. Genotype data for AA and EU were retrieved from the SeattleSNPs website (http://pga.mbt.washington.edu, last accessed November 3, 2012). Information on SNP positions and haplotypes for all subjects is available in supplementary table S4, Supplementary Material online. The genomic DNA of nine P. troglodytes was obtained from the Gene Bank of Primates, Primate Genetics, Germany (http://dpz.eu/index. php, last accessed November 3, 2012). These samples have been shown to belong to the P. troglodytes verus subspecies (Cagliani et al. 2012 ).
Population Genetic Analyses
Tajima's D (Tajima 1989 ), Fu and Li's D* and F* (Fu and Li 1993) statistics, and diversity parameters W (Watterson 1975) and (Nei and Li 1979) were calculated using "libsequence" (Thornton 2003) . Calibrated coalescent simulations were performed using the "cosi" package (Schaffner et al. 2005 ) and its best-fit demographic parameters for AA, YRI, EU, and AS populations with 10,000 iterations. Coalescent simulations were conditioned on mutation rate, and recombination rate was derived from the University of California-Santa Cruz tables (http://genome.ucsc.edu/, snpRecombRateHamap table, last accessed November 3, 2012).
The maximum-likelihood-ratio Hudson-Kreitman-Aguadé (HKA) test was performed using the MLHKA software (Wright and Charlesworth 2004) , as previously proposed (Fumagalli et al. 2009 ). For human populations, 16 reference loci were randomly selected among NIEHS loci shorter than 20 kb that have been resequenced in AA, YRI, EU, and AS; the only criterion was that Tajima's D did not suggest the action of natural selection (i.e., Tajima's D is higher than the 5th and lower than the 95th percentiles in the distribution of NIEHS genes).
Genotype data from 201 genes resequenced in AA and EU (SeattleSNPs Panel 1) were derived from the SeattleSNPs Variation Discovery Resource Program (http://pga.gs. washington.edu/, last accessed November 3, 2012).
Genotype data for 5-kb regions from 238 resequenced human genes were derived from the NIEHS SNPs Program web site (http://egp.gs.washington.edu, last accessed November 3, 2012). In particular, we selected genes that had been resequenced in populations of defined ethnicity including AA, YRI, EU, and AS (NIEHS Panel 2).
For the chimpanzee, the empirical comparison of W and parameters was performed using 16 resequenced regions in the same individuals as reference loci (Cagliani et al. 2012 ).
Haplotype Analysis and TMRCA Calculation Haplotypes were inferred using PHASE (version 2.1) (Stephens et al. 2001; Stephens and Scheet 2005) . The median-joining network to infer haplotype genealogy was constructed using NETWORK 4.5 (Bandelt et al. 1999) . Estimate of the TMRCA derived from application of a maximum-likelihood coalescent method implemented in GENETREE Tavare 1994, 1995) . The method assumes an infinite-site model without recombination; therefore, GENETREE identifies sites that violate these assumptions: In the case of KNG1, nine variants (rs5029985, rs5029986, rs12635879, rs5029989, rs5029991, rs5029992, rs1656910, rs1829886, and rs1648714) were identified and we eliminated them from the data. Again, the mutation rate was obtained on the basis of the divergence between human and chimpanzee and under the assumption both that the species separation occurred 6 Ma (Glazko and Nei 2003) and of a generation time of 25 years. A constant population size model was used for simulations, and the migration matrix was derived from previous estimated migration rates (Schaffner et al. 2005) . Using this and maximum likelihood ( ML ), we estimated the effective population size parameter (N e ), which resulted equal to 30,545. With these assumptions, the coalescence time, scaled in 2N e units, was converted into years. For the coalescence process, 10 6 simulations were performed.
LD analyzes were performed using Haploview (Barrett et al. 2005) , and haplotypes blocks were identified through an implemented method (Gabriel et al. 2002) .
Data for LD analysis were derived from resequencing data.
Supplementary Material
Supplementary figures S1-S3 and tables S1-S4 are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
